Introduction
The International Technology Roadmap for Semiconductors (ITRS) continues to highlight the need for a better understanding of interfacial behavior and a heightened ability to characterize and control interfacial strength, as areas crucial to future chip development and manufacturing. Interfacial fracture mechanics approaches based on geometries such as double cantilever beam ( Figure 1 ) and four-point bend have been widely accepted as means to quantify interfacial adhesion in terms of resistance to propagation of existing delaminations, however difficulties arise in rigorously applying this methodology to small-scale delamination and disbond initiation problems. A promising "fracture mechanics-like" alternative instead looks at edges and corners as singular initiation sites for delamination and can be used to predict failure in the absence of a preexisting disbond [1] [2] [3] [4] [5] . Initiation is predicted to occur when the stress intensity factor of the singularity reaches a critical value, similar to interfacial fracture mechanics where propagation occurs when the stress intensity factor of the crack tip singularity becomes critical. This work is aimed at understanding how the initiation and propagation phenomenon relate and the interplay between the molecular and mechanical contributions differ between the two events. Application of the stress intensity factor approach to simple butt joint geometries ( Figure 1 ) allows for fundamental study and quantification of the initiation of delaminations at free-edges with the approach expandable to characterize the other various singularities found in a flip chip assembly (Figure 2) . The following will discuss work examining the correlation between crack-tip propagation measured using ADCB testing and free-edge initiation of TBJ specimens for several underfill/passivation interfaces as well as look at initiation at different geometric singularities. 
Experimental

Materials:
The underfill resins studied in this investigation included a bisphenol F resin/2,4-EMI curing agent system and a cycloaliphatic resin/anhydride curing agent system, as well as three commercial underfill resins: Zymet X6-82-5LV, Dexter FP-4531, and Loctite 3563. The passivation used for this study was HD Microsystems PI-2555, a BTDA-ODA-MPDA polyimide.
Sample Preparation:
Preparation for both tests was taken from work done at Sandia National Laboratories (SNL) [6] . Standard preparation and testing for the tensile butt joint geometry can be found in ASTM guidelines D 2094 and D 2095. The substrate material for both the beams and cylindrical adherends was chosen to be 6061-T6 aluminum. For the ADCB test, two beams are machined to dimensions of 9.5x12.7x123.2mm and 4.7x12.7x123.2 mm respectively. 3.2mm holes are machined into the fronts of both beams for loading the samples. For the TBJ test, the two cylinders are identical; machined to a 28.6 mm diameter and a 38.1mm length. A 12.7mm hole is tapped in the center of the back side for mounting the adherends during sample preparation and testing. The front sides of both th Int'l Symposium on Advanced Packaging Materials types of samples are polished down to 0.05 um alumina/silica, with careful attention to the TBJ cylinders so that the edges remains sharp and not broken. For the cylinders, the front and back surfaces have a parallel tolerance of 0.0005 and the side has a perpendicular tolerance of 0.0028 to the front and back surfaces. The polished surfaces are then UV/ozone cleaned and coated with the appropriate passivation material.
Shims are used to create a 250 um gap between the ADCB beams (polished surfaces facing in) for the underfill layer and the sample is taped and sealed with high temperature polyimide tape, leaving the holes machined in the top beam for underfill flow and air evacuation. For the TBJ samples, a collared fixture ensures perfect alignment, and locks the two adherends with the 250 um gap and the coated surfaces facing in. The edges of the gap are sealed, with two small holes 180 degrees apart left for underfill flow and air evacuation. Both ADCB and TBJ samples are placed in a circulating air oven at 80°C for 1 hour to equilibrate thermally. The underfill resin is flowed with the sample lying vertically and the holes are sealed. The sample is then cured with the sample mounted vertically in the circulating air oven.
Adhesion Testing:
Testing of the ADCB specimens is performed on a screwdriven Instron 5560 materials testing machine. Specimens are loaded monotonically along the load train at a crosshead rate of 1.27mm/min. Measured beam compliance is used to determine the delamination length from the following relation:
The delamination length and maximum load are used to calculate the strain energy release rate from [7] :
where P is the maximum load, a is the delamination length from the loading axis, E is the elastic modulus of the adherend, η is the ratio of heights of the thinner beam to thicker beam, λ is the ratio of the transverse elastic modulus to the longitudinal modulus, h is the height of the thinner beam, and Y(ρ) and B(η) are geometric factors due to a finite a/h ratio [7] .
Monotonic testing of the TBJ specimens is performed on a screw-driven Instron, loaded at a crosshead rate of 12-mm/min, following the procedure used at SNL. The loading is continued until failure of the joint occurs. The ultimate tensile stress (σ ult ) applied to the specimen is used to calculate the characteristic in-plane stress developed in the joint, remote from the stress-free edge [4] [5] : (3) where ν i is Poisson's ratio and E i is Young's Modulus for the aluminum (1) and the underfill resin (2) . The characteristic stress can be used to calculate the critical interfacial corner stress intensity factor for the joint: (4) where h is the half thickness of the underfill layer, 1-λ is the inverse of the order of the stress singularity, and A p (ν) is a function of Poisson's ratio for the underfill resin [4] [5] . David Reedy has calculated 1-λ and A p (ν) for a variety of Poisson's ratios. For the case of an unfilled epoxy adhesive bonded between two aluminum adherends under tensile loading [5] : 1-λ = 0.268 and A p (ν) = 1.061.
Fatigue testing of the TBJ specimens was also performed to examine the sub-critical initiation of delaminations, to determine if the behavior is similar to sub-critical crack growth. The testing is performed on a servo-hydraulic MTS materials testing machine using a min/max load ratio of 0.1 and a frequency of 10 Hz. The number of cycles to TBJ failure is determined at various maximum stress levels.
Results and Discussion
Monotonic ADCB and TBJ testing were performed on both the model and commercial underfill resins and on both aluminum and polyimide adherend surfaces (see Table 1 ). Table 1 . Adhesion results on underfill/aluminum and underfill/passivation interfaces.
Failure of the interfaces at both crack-tips (ADCB) and freeedges (TBJ) seem to exhibit similar trends. Of the model underfill systems, the bisphenol A/2,4-EMI system showed the highest adhesion to aluminum, and the lowest adhesion to polyimide in both tests. Of the commercial systems, the Zymet underfill resin exhibited the highest adhesion, the Loctite underfill resin was a close second, and the Dexter material th Int'l Symposium on Advanced Packaging Materials exhibited very poor adhesion. This trend in adhesive strength was visible in both tests. To make a better unit-to-unit comparison, the strain energy release rate values were converted to corresponding stress intensity values using the following equation, based on the assumption that all of the strain energy is stored in the aluminum adherends:
The odd units for both stress intensity values arise from the order of the stress singularity, resulting in units that can be generalized as: . The resulting graphical representation of the stress intensity data can be seen in Figure 3 . The stress singularity results, though not quite directly comparable in terms of units, show a close correlation in relative adhesion strengths for the initiation and propagation aspects of delamination for a particular interface. This indicates that there are similar mechanisms involved in the two singular failures, though further study of the individual contributions from the chemical bonding and deformation in the area of the singularity are required to better understand how these two events relate.
To further understand the effect of singularity order on the interfacial strength, modified TBJ geometries were studied to examine the other singularities present in a flip-chip assembly (see Figure 4) . For this testing, the commercial underfills were studied on polyimide-coated aluminum adherends, and the crosshead speed was reduced to 1.27-mm/min to match the ADCB testing speed (all of the TBJ testing is currently being repeated at this lower crosshead speed). As the analysis to determine actual stress intensity values becomes much more complicated at these new geometries, the samples were prepared with the exact same cross-sectional area as the original round geometry to allow for comparison of failure loads of the joints (see Table 2 ). 
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As with the crack tip to free-edge comparison, the freeedge, embedded-edge, corner, and embedded corner seem to follow similar trends. The orders of the singularities are expected to follow: corner > embedded corner > edge > embedded edge, where the higher order singularity would result in lower loads required to initiate failure. With the exception of the Dexter edge sample, the interfaces follow the expected trend. Further testing of the Dexter edge sample is required to understand this deviation. Study of the fracture surfaces show that initiation does occur at the expected singularities, with the exception of the Dexter edge samples (likely due to the very low observed adhesion). Figure 5 shows typical indications of initiation at the geometric singularities.
Free-edge
Free-corner Emb.-edge Emb.-corner Preliminary fatigue testing of the TBJs has been completed on samples containing the Zymet X6-82-5LV/polyimide interface. A plot of the results for samples tested at max peak stresses of 6.3 MPa and 5.6 MPa can be seen in Figure 6 . A max peak stress of approximately 7.2 MPa corresponds to a one cycle failure from the monotonic TBJ test. It can be seen that the low cycle fatigue data currently generated forms a linear trend when plotted on a log 
Conclusions/Future Work
Testing of several underfill/polyimide interfaces has been performed for a variety of sample geometries. Results seem to indicate that similar trends exist for failure at varying levels of stress singularities. Increasing the severity of the singularity results in an observed decrease in the failure strength of the interface, as expected. Preliminary fatigue results for a free-edge singularity show that sub-critical initiation can occur and that under low-cycle fatigue a linear trend is observed. Ongoing fatigue work is examining higher-cycle fatigue to determine if a threshold exists and how the fatigue profile compares to sub-critical crack growth in crack propagation specimens.
Additional fatigue studies are currently under development to create specimens that more closely resemble a flipchip assembly, to look at more practical geometries and loading situations (see Figure 7) .
Embedded Edge
Embedded Corner Figure 7 . Flip chip sample geometries.
The fatigue testing will be performed under both mechanical and thermal cycling conditions to better understand the relationship between the two and the applicability of using mechanical fatigue to simulate the thermal cycling conditions that a package typically experiences. As the interfacial forces resulting from thermal expansion coefficient mismatch cannot be duplicated by mechanical bending, the testing will instead look at comparable deflections of the flip-chip samples under both situations. The initiation phenomena will be detected through acoustic emission. Preliminary mechanical fatigue studies of both round and rectangular specimen geometries for the Zymet underfill have shown a marked difference in the fatigue resistance under mechanical loads, which is to be expected from the monotonic data (see Figure 3) . Table 3 . Prelimary flip-chip fatigure results.
Subsequent analysis of the interfaces after mechanical fatigue showed that initiation had occurred at the corner in the rectangular specimen and that the interface was entirely intact for the round specimen (see Figure 8) . Continued studies will look at the other interfaces as well as failure under thermal fatigue. 
